INTRODUCTION
The vast majority of hovercraft in operation today are powered by aero-derivative gas turbines, which offer extremely favourable power to weight ratios. The operating environment of the hovercraft, however, is extremely hostile because of continuous spray or dust ingestion. Operation in salt water conditions can be particularly deleterious to engine life because of sulfidation of the turbine and fouling of the compressor.
Revenue earning hovercraft are usually in direct competition with existing modes of transport which have been developed over many years. For the hovercraft to be competitive it must demonstrate good Now Performance Analyst, Pratt and Whitney Aircraft of Canada.
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service reliability, availability and acceptable operating and maintenance costs. The hostile operating environment can lead to a rapid degradation of engine mechanical condition and performance; intake filtration systems can mitigate but not eliminate the problem of engine degradation.
It is therefore imperative for the operating crew to detect performance deterioration at an early stage so that measures such as compressor washing can be carried out effectively; if left too late the salt deposits can be baked on, but the operators do not wish to wash more often than necessary. Detecting performance deterioration at an early stage would prevent excessive damage, particularly in the gas generator turbine, which could lead to expensive secondary damage; thus, early detection of engine damage could lead to significant savings in overhaul costs.
It is very difficult, however, for the operating crew to detect changes in performance from the normal cockpit instruments before considerable deterioration has occurred. The main reasons for this are that hovercraft have to operate over a wide range of wind and sea-state conditions, requiring considerable variations in power setting, combined with the fact that engine instruments are normally red-lined only on the basis of the maximum power setting. It can readily be realized that at power settings below the maximum, i.e., the normal operating mode, an engine could be operating at a substantially higher than normal turbine temperature without approaching the red-line limit. This is especially true in cold weather operation where the crew could be unaware of a serious deterioration in performance. It is clear, therefore, that a suitable form of Engine Health Monitoring (EHM) would be a great asset to hovercraft operators. hardware, installation of extra sensors and data processing. Many systems have been designed for fleet use in which case the cost could be spread over a number of craft, as in the case of mahor airlines for example. In the case of hovercraft, however, fleets are usually small in number and operations may be such that the craft are dispersed from the main base for some period of time.
The requirements for such a system were discussed with Bell Aerospace Canada, manufacturers of the Voyageur hovercraft. The Voyageur (Fig. 1) is a vehicle of 83,000 lb. all up weight, powered by two Pratt and Whitney Aircraft of Canada Twin Pac gas turbines; a Twin Pac consists of two independent gas turbines driving through a common gearbox. The following five basic requirements for an acceptable EHM system were laid down:
1. Simplicity in operation 2. Rapid response 3. Accurate in operation 4. Low cost 5. Inputs limited to basic engine instrumentation, i.e. N1 , N 2 , ITT and torque
The requirements laid down emphasized the importance of both low cost and simplicity, and the desirability of allowing the crew to carry out the EHM exercise during the course of a mission, to minimize their post operational chores.
" r w Before proposing a specific system it was necessary to analyze data collected on Voyageur operations. During the winter of 1974-75 Voyageur 004 was operated on a winter resupply programme on the North shore of the Gulf of St. Lawrence, supplying isolated communities which were cut off both by road and sea. Much of this operation was carried out in salt water and the inevitable heavy spray created continuously by the ACV was very damaging to the engines, in spite of frequent compressor washing.
It should be recognized that the data used were those collected by a variety of crew members in actual operational conditions and not carefully controlled laboratory tests. During each operation a set of readings was taken, usually about the mid point of the day's mission, the engine readings taken being N1, N2, ITT and torque; neither fuel flow nor ambient conditions were measured. In order to obtain corrected values of gas generator speed, power and inter turbine temperature it was essential to obtain an estimate of the ambient temperature, which showed significant variations over the period of operation. The method used was to obtain the met reports for the area and take the mean temperature for the day in question. Those who are used to testing engines in the ideal conditions of test cells will doubtless be horrified at the crude measures required to estimate the ambient temperature, but it is indicative of the problems faced in the field.
The raw data for engine No. 2, which showed the greatest in-service deterioration, are shown in Fig.2 and at first glance do not appear to show anything very useful. It should be realized, however, that the prime reason for the scatter is the variation of power settings, and perfectly healthy engines would show similar fluctuations making Trend Analysis very difficult. It should also be recognized that the operator has a single red line limit on ITT and as long as the observed value is below the limit he may not suspect that anything is wrong. In particular, if the engine is being operated in the winter the actual turbine temperature will be well below the limit. Thus it is quite possible for an engine to be operating at a temperature substantially higher than normal without the operator suspecting anything, resulting in rapid deterioration of hot end parts. The effect of ambient temperature (very crudely estimated as mentioned earlier) on shaft power and ITT is shown in Fig. 3 . There is now some evidence of rising ITT but the results are still not really meaningful because of the variable power settings.
800
SHP 600 __._tAf\...rkl,/\_,, This difficulty was overcome by making use of the fact that both SHP and ITT show a steep variation with gas generator speed; in the normal running range of N1 (90 -95%) it can be assumed with little error that the variation is linear with both. By choosing a reference speed and a suitable slope, the value of both SHP and ITT at the reference speed can be determined as shown in Fig. 4 . The corrected power at A is adjusted to the value B at the reference speed, using the slope of the power vs gas generator speed line; ITT can be treated in the same manner. After correcting power and ITT to a suitable reference speed of 9q%, the data shown in Fig. 5 now make sense. It can be clearly seen that although compressor washing restores power, it has no effect on the steadily rising ITT. After loss of power due to intake icing was observed, the coalescer pads were removed; this is turn led to a further drop in power and a further increase in ITT leading rapidly to engine removal. Analysis of the results suggested that the prime problem lay in the turbine rather than the compressor and this was later confirmed by the strip report of the engine.
The convincing analysis of manual data collected several years earlier suggested there was a high probability that good results could be observed in the field, especially if there could be rapid feedback on engine condition.
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DEVELOPMENT OF SYSTEM Working within the constraints described it was clear that any form of sophisticated Gas Path Analysis was impractical and only Trend Analysis could be carried out. To keep costs down, particularly in a demonstration phase, manual data recording was essential. It has frequently been argued that manual data recording is totally unreliable and cannot be used effectively for EHM. The most important reason for this is improper definition of data recording procedures and failure to indicate the few critical parameters to the operator. In the case of the Voyageur, however, this should not he a problem. All engine instruments are neatly clustered in front of the captain and can easily be read off in a few seconds. More importantly there are only four instruments to be read per engine, i.e. Nl, ITT, N2 and torque; all four are critical, and no time is wasted on recordings which are of secondary importance. The short period required for taking readings minimizes the chance of changes in the engine operating point; experience shows, in any case, that power settings are kept essentially constant for significant periods during a mission.
The proposed system was designed for use with the Pratt and Whitney of Canada STET-75 engine, a single spool, free turbine engine; station numbering is shown in Fig. 6 . The free turbine type of unit is common to most hovercraft applications. The EHM system itself is based on a performance check curve supplied by the engine manufacturers and plotted in the form shown in Fig. 7 . It shows the allowable limits on inter-turbine temperature and gas generator speed as a function of power, all parameters being corrected to standard conditions. With known ambient conditions it is simply a matter of entering these curves with the computed power based on N2 and torque and finding the limits for ITT and N1. The observed values can then be compared with the computed limits to see how much performance is "in hand". Installed losses can be included as required. The procedure, while basically simple, is tedious and there is a tendency for operators to avoid doing the calculations after each mission, which can lead to unobserved performance deterioration. The calculations can easily be mechanized using a small programmable calculator. Saravanamuttoo (1, 2) previously demonstrated the use of such calculators in an EHM scheme based on Gas Path Analysis. In the last few years there have been major advances in programmable calculators and several manufacturers offer compact machines with a storage capacity of more than 200 program steps and a built-in printer. The programs developed can be stored on magnetic cards and the printer provides a hard copy of the results obtained in the field. The calculator used for this work was a Hewlett Packard HP97.
The storage capacity of the calculator permitted the calculation of the power developed, corrected for ambient conditions and adjusted to a fixed reference speed; the advantages of this additional calculation were described earlier, a principal advantage being the ability to observe the need for compressor washing and the effectiveness or otherwise on both power and ITT.
OPERATION OF THE SYSTEM
The operational sequence is extremely simple. Towards the end of each mission the crew record the engine data and ambient conditions at a stabilized power setting where the compressor bleed valves are closed, corresponding to gas generator speeds above 90%. The information is then recorded on the data sheet shown in Table 1 ; this data sheet is the same 
Power check must be performed at the beginning of every trip while operating within a gas generator speed range of 92% to 960.
as the one previously used by the crew, so there was no increase in crew work load. After each data set is punched into the calculator, the resulting output is attached to the lower half of the data sheet. For each engine the three important parameters now available are AN1, AITT and SHP/d2 82; the first two represent safety margins and the third can be used for trending purposes. The values of AN1 and AITT (A implies the difference between the observed value and the limit; for a healthy engine both should be negative) should not strictly be considered as trend parameters, because they are a function of both power setting and ambient conditions, and the operator should only be concerned with their magnitude. The shaft power parameter, on the other hand, can be used directly for trending purposes as described earlier.
For example, a decrease in the N 1 safety margin (i.e. AN1 tending to zero) with no significant change in AITT would be indicative of compressor fouling; this information could be used to schedule a compressor wash. Another problem common to hovercraft gas turbines operating in salt water is sulfidation damage to the gas generator turbine blades, which would tend to show a significant decrease in the ITT margin, a small decrease in the N1 safety margin and little change in the power parameter at the reference speed.
The application of the program to data obtained from a Voyageur hovercraft, operating in fresh water, is shown in Fig. 8 . Two areas of concern are explained below. Firstly, between 98 and 118 hours the engine experienced a crack in the compressor casing causing a significant loss of air flow to the turbine. A serious problem was indicated by the simultaneous loss of both AN1 and AITT margins combined with a decrease in the power parameter. Once attention had been drawn to the problem, examination of the engine revealed the crack; after this was sealed (on a temporary basis) engine performance returned to normal and serious damage was averted. Continual operation in the damaged conditions, with consequent high turbine temperatures, could have resulted in serious and expensive turbine damage. Secondly, at 178 hours there appears a sharp dip in the power parameter with corresponding losses in AN1 and AITT margins. Succeeding observations, however, show perfectly normal operation which suggests the existence of an erroneous reading. Occasional erroneous readings can be readily differentiated from a steady trend.
Similar studies to date of Voyageur data have been very encouraging, particularly with respect to showing decreasing trends in power with time resulting from a build up of deposits on the compressors.
CONCLUSIONS
A low cost, on-board EHM scheme was developed for use in hovercraft operations, meeting all the criteria laid down by the hovercraft manufacturer. The use of a programmable calculator in conjunction with the manufacturer's performance check curve has proven to be very effective, and has demonstrated that manual data gathering is quite adequate for this application.
